Abstract Endothelial cells are a target of halogenated aromatic hydrocarbon toxicity following aryl hydrocarbon receptor (AHR) activation. Further, evidence suggests that AHR has a physiological function in endothelial cells in the absence of exogenous ligands. Understanding these ''normal'' functions of AHR may help to reveal the mechanisms that contribute to the toxicity of xenobiotic ligands. Thus, this study focused on the crosstalk between hypoxia and AHR in the absence of exogenous ligands. Constitutive CYP1A1 mRNA was measured by real time PCR in human pulmonary microvascular endothelial cells exposed to hypoxia (1 or 2.5% O 2 ), 25 nM AHR siRNA, 25 nM hypoxia-inducible factor (HIF)-2a siRNA, or their combinations. Hypoxia significantly induced known hypoxia-regulated genes, and this induction was highly attenuated by HIF-2a siRNA, suggesting that HIF-2a is a primary mediator of hypoxic responses in these cells. Hypoxia also significantly reduced CYP1A1 mRNA and this reduction was also attenuated by HIF-2a siRNA. As expected, AHR siRNA significantly reduced constitutive CYP1A1 mRNA. While the combination of hypoxia plus AHR siRNA reduced CYP1A1 mRNA more than either treatment alone, the reduction was less than additive, suggesting that hypoxia and AHR deficiency may share a common pathway in reducing CYP1A1 expression. Finally, hypoxia significantly reduced AHR mRNA and this reduction was completely prevented by HIF-2a siR-NA. In conclusion, constitutive CYP1A1 mRNA expression is dependent on AHR and is reduced by hypoxia via a HIF-2a-dependent mechanism, which may be mediated by a HIF-2a-dependent reduction of AHR expression.
The aryl hydrocarbon receptor (AHR) is a member of the basic helix-loop-helix/PER-ARNT-SIM family of DNAbinding proteins. The AHR resides in the cytosol in a multimeric complex with two molecules of HSP90 and a single molecule of X-associated protein 2 and p23 [1] . Following ligand binding, the AHR translocates into the nucleus, dimerizes with the AHR nuclear translocator (ARNT), and transactivates gene expression by binding dioxin response elements in promoters of target genes, including cytochromes P450 (CYP) 1A1 and CYP1B1.
It is well established that the AHR mediates the induction of metabolic enzymes and toxicity following activation by xenobiotic ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). In addition, a number of lines of evidence suggest that an endogenous ligand(s) exists that activates AHR under physiological conditions. For example, stimulation of AHR activity has been reported in a variety of cell culture systems in the absence of exogenous agonists, including following shear stress of endothelial cells [2, 3] and suspension of keratinocytes [4, 5] . Further, Ahr null mice exhibit a variety of abnormal phenotypes, including defective hepatic vascular development, cardiac hypertrophy, and altered blood pressure regulation [6] [7] [8] [9] [10] . Thus, understanding the normal physiological function of the AHR may help to reveal the pathways and mechanisms that lead to toxicity following exposure to xenobiotic ligands.
The hypoxia-inducible factors (HIFs) are also members of the basic helix-loop-helix/PER-ARNT-SIM family of DNA-binding proteins. In contrast to AHR, HIFs do not require ligand activation, but rather their signaling is regulated by cellular oxygen. Under normoxia, a subunits of HIFs are hydroxylated by oxygen-dependent prolyl hydroxylases, targeting them for ubiquitination and proteasomal degradation [11] . However, under hypoxia, the a subunits are stabilized and translocate into the nucleus where they dimerize with a b subunit (also known as ARNT) and transactivate gene expression by binding hypoxia response elements (HRE) in targets, such as vascular endothelial growth factor-A (VEGF-A) and endothelin-1 (ET-1).
The AHR and hypoxia signaling pathways share a number of commonalities. Both pathways mediate the responses of organisms to their environment. Both pathways also share a common dimerization partner (ARNT) and molecular chaperones and other transactivating proteins [12] . Thus, it is not surprising that numerous studies have suggested that these pathways may exhibit crosstalk in their regulation of gene expression [13] [14] [15] [16] . However, essentially all previous studies have focused on the interaction of hypoxia and AHR signaling when the AHR is activated by exogenous ligands, despite the fact that AHR regulates constitutive CYP1A1 expression in the absence of exogenous ligands [17, 18] and hypoxia alone can induce or repress CYP1A1 expression depending on the model studied [19, 20] .
Thus, we focused this study on the crosstalk between hypoxia and AHR in the absence of exogenous ligands on the regulation of constitutive CYP1A1 mRNA expression. We chose primary human pulmonary microvascular endothelial cells, since the pulmonary microvasculature represents a primary site for responses to inspired oxygen, the lung exhibits relatively high AHR-dependent constitutive CYP1A1 mRNA expression [18] , and one potential endogenous AHR ligand has been isolated from the lung [21] . We exposed the cells to hypoxia by altering the percentage of oxygen, using both severe hypoxia (1% O 2 ) and a more physiologically relevant level of hypoxia for these cells (2.5% O 2 ). We modulated both the hypoxia and AHR signaling pathways using siRNA, and then assessed the endogenous mRNA expression of CYP1A1. Using these experimental approaches, we tested the hypothesis that hypoxia and AHR, in the absence of exogenous ligands, would exhibit crosstalk in the regulation of constitutive CYP1A1 mRNA expression. Human microvascular endothelial cells isolated from the lung (HMVEC-L) were purchased from Lonza (Walkersville, MD). Cells were cultured in microvascular endothelial cell media-2 (EGM-2 MV, Lonza), which contained 5% fetal bovine serum, 0.1% antibiotics (GA-1000) and other supplements, at 37°C in 5% CO 2 according to manufacturer's directions. Cells at passage 4 or 5 were used in all experiments. For hypoxia exposure, HMVEC-L were plated at *80% confluence for 24 h, and then exposed to 2.5% or 1% oxygen, 5% CO 2 for 18 h in a NAPCO 7001H incubator (Fisher Scientific, Pittsburgh, PA), using N 2 infusion. HMVEC-L cultured at 21% oxygen, 5% CO 2 in NAPCO 6001 incubator (Fisher Scientific) served as the normoxic control. For siRNA transfection, HMVEC-L were plated at *80% confluence for 24 h in EGM-2MV without antibiotics. On day 2, Lipofectamine 2000 was incubated with Opti-MEM I reduced-serum media, mixed with control, AHR, or HIF-2a siRNA (Dharmacon, Chicago, IL) at a final concentration of 25 nM, added to the cells, and cells incubated at 21% oxygen, 5% CO 2 for 48 h. For TCDD exposure, HMVEC-L were plated at *80% confluence for 24 h, and then exposed to 0.01% DMSO or 2 nM TCDD at 21% oxygen for 18 h. When the cells were exposed to both siRNA, and either hypoxia or TCDD, hypoxia and TCDD exposures were performed during the last 18 h of the 48-h siRNA treatment period.
Materials and Methods

Reagents
RNA Isolation and PCR Analysis
RNA was isolated from HMVEC-L using RNeasy mini kit (QIAGEN, Valencia, CA). Total RNA (250 ng) was reverse transcribed using iScript Select cDNA Synthesis Kit (BioRad, Hercules, CA) with random primers at 42°C for 30 min. PCR primers (Sigma-Genosys, Woodlands, TX; Table 1 ) were used at 500 nM, except for aldehyde dehydrogenase1A3, which was used at 250 nM, and all exhibited amplification efficiencies [ 90%. Quantitative real time PCR analysis with SYBR green was performed using a BioRad Icycler optical system: initial denaturation at 95°C for 1 min followed by 40 cycles of 30 s at 95°C and 30 s at 60°C. After cycling, a melt curve was generated to confirm the synthesis of a single PCR product. 18s rRNA did not vary with any treatment and was used as an internal normalization control.
Statistics
The data were expressed as mean ± SEM, Statistical analysis was performed with Student's t-test, Welch unpaired t-test, one-way analysis of variance (ANOVA), or two-way ANOVA as noted. Statistical analysis on log 10 -transformed values was performed when either the normality test, or equal variance test, or both failed when analyzing untransformed values. A p \ 0.05 was considered significant in all cases.
Results
Human Pulmonary Endothelial Cells were Highly Responsive to Hypoxia-induced Gene Expression
To confirm the degree, to which HMVEC-L were responsive to hypoxia, we first assessed the mRNA expression of four known hypoxia-inducible genes, prepro-endothelin-1 (ET-1), prepro-adrenomedullin (ADM), vascular endothelial growth factor A (VEGF-A), and phosphoglycerate kinase (PGK1), following 18 h exposure to 2.5 or 1% oxygen. Hypoxia induced the mRNA expression of three of the four genes, including ET-1, ADM, and VEGF-A (Fig. 1 ). In these three cases, expression was significantly induced as the hypoxia became more severe. ET-1 and VEGF-A were the least and most responsive with 1% oxygen inducing a 2-and 12-fold increase in mRNA expression, respectively. Notably, however, PGK1 mRNA expression was not induced following 18 h of exposure to either 2.5 or 1% oxygen.
HIF-2a siRNA Significantly Inhibited Hypoxiamediated Gene Induction in Pulmonary Endothelial Cells
Previous studies have shown that HIF-2a is more highly expressed in endothelial cells than HIF-1a and that hypoxicinduction of glycolytic enzymes, such as PGK1, is mediated exclusively by HIF-1a [22, 23] . Thus, we investigated the degree, to which HIF-2a mediated the hypoxic induction of PGK1 and ADM by transfecting HMVEC-L with HIF-2a siRNA for 48 h and exposing the cells to 1% oxygen for the final 18 h. HIF-2a mRNA expression was reduced to 1% of basal levels, compared to cells treated with control siRNA (Fig. 2 ). In addition, while 1% oxygen significantly induced ADM by 5.9-fold in the presence of control siRNA, it increased ADM only 1.8-fold in the presence of HIF-2a siRNA, suggesting that hypoxic induction of ADM is Fig. 1 Effect of graded levels of oxygen on hypoxia-regulated gene expression. HMVEC-L were exposed to 21%, 2.5%, or 1% oxygen for 18 h and ADM, VEGF-A, ET-1, and PGK1 mRNA expression was analyzed by real time PCR. The data represent the mean ± SEM of three experiments and were analyzed by one-way ANOVA, using post hoc Holm-Sidak comparisons; * p \ 0.05, compared to 21% O 2 primarily mediated by HIF-2a. Interestingly, in this experiment, 1% oxygen induced a small, but significant increase in PGK1 mRNA (1.4-fold) in the presence of control siRNA and HIF-2a knockdown resulted in a further induction (2.1-fold), suggesting that HIF-1a is present in these cells, albeit at low levels, but may have increased in activity to compensate for the loss of HIF-2a.
Human Pulmonary Endothelial Cells were Highly Responsive to TCDD-induced Gene Expression
Previous studies have shown that endothelial cells express AHR and are highly responsive to AHR ligands, like TCDD [24] . We confirmed the responsiveness of the AHR signaling pathway by treating HMVEC-L for 18 h with DMSO or 2 nM TCDD. As expected, HMVEC-L were highly responsive to TCDD-mediated induction of known AHR-regulated genes. CYP1A1 and CYP1B1 mRNA were induced 10-and 35-fold, respectively (Fig. 3) , while two other genes identified in the AHR gene battery, TCDDinducible poly(ADP)ribose polymerase (TiPARP) [25] and aldehyde dehydrogenase 1A3 (ALDH1A3), were induced 2-to 3-fold by TCDD exposure.
AHR siRNA Effectively Suppressed AHR Signaling in Pulmonary Endothelial Cells
To evaluate the activity of AHR in constitutive CYP1A1 regulation in the absence of exogenous ligands, we knocked down AHR expression using siRNA, and first confirmed the effectiveness of the knockdown by analyzing AHR mRNA expression and TCDD-mediated induction of CYP1A1 and CYP1B1 mRNA. AHR mRNA expression was reduced to *40% of basal levels after AHR siRNA, compared to untreated cells and those treated with control siRNA (Fig. 4a) . In addition, while TCDD induced CYP1A1 and CYP1B1 by 17-and 26-fold, respectively; however, in the presence of AHR siRNA, it increased their expression by 2-and 1.4-fold, respectively, with only the induction of CYP1A1 mRNA remaining statistically increased (Fig. 4b ).
Both AHR siRNA and Hypoxia Significantly Reduced Constitutive CYP1A1 mRNA Expression in Pulmonary Endothelial Cells
We next determined the degree, to which AHR was required for constitutive CYP1A1 mRNA expression and the manner, in which hypoxia altered this constitutive expression. HMVEC-L were transfected with AHR siRNA for 48 h or were exposed to graded levels of hypoxia for 18 h and CYP1A1 mRNA measured by real time PCR. AHR siRNA significantly reduced CYP1A1 mRNA expression by 50% (Fig. 5a ), suggesting that the high level of constitutive CYP1A1 mRNA expression in pulmonary endothelium is mediated, in part, by AHR. In addition, hypoxia significantly reduced constitutive CYP1A1 mRNA expression in a graded manner with 1% oxygen reducing CYP1A1 by nearly 80% (Fig. 5b) . Since it has been shown that hyperoxia induces CYP1A1 expression [26] , we also cultured the HMVEC-L at 10% oxygen and did not observe any changes in CYP1A1 mRNA expression, compared to 21% O 2 (data not shown), suggesting that the hypoxiamediated reduction was not a result of induced levels at 21% oxygen.
Simultaneous Exposure to AHR siRNA and Hypoxia Resulted in a Greater Suppression of CYP1A1 mRNA Expression than Either Treatment Alone
To determine if hypoxia could further suppress constitutive CYP1A1 mRNA expression in AHR deficient cells, HMVEC-L were transfected with AHR siRNA for 48 h and exposed to either 2.5 or 1% oxygen for the final 18 h. The combination of hypoxia and AHR siRNA reduced CYP1A1 mRNA to a greater degree than either treatment alone, although the combined level of reduction was less than additive at both levels of hypoxia (two-way ANOVA, AHR siRNA-oxygen interaction, p \ 0.001) (Fig. 6 ). These data suggest that the pathways reducing constitutive CYP1A1 mRNA expression via hypoxia or AHR knockdown may not be mutually exclusive.
HIF-2a siRNA Partially Prevents Hypoxia-mediated Reduction in CYP1A1 mRNA Expression
Since the hypoxia-mediated induction of genes in HMVEC-L was primarily dependent on HIF-2a, we sought to determine the degree, to which HIF-2a mediated the reduction of CYP1A1 mRNA by hypoxia. HMVEC-L were transfected with control or HIF-2a siRNA for 48 h and exposed to 1% for the final 18 h. Hypoxia significantly reduced CYP1A1 mRNA by 50% in the presence of control siRNA, but only by 30% in the presence of HIF-2a siRNA (Fig. 7) , suggesting that the hypoxia-mediated reduction in CYP1A1 mRNA is dependent, in part, on HIF-2a signaling.
HIF-2a siRNA Completely Prevents Hypoxia-mediated Reduction in AHR mRNA Expression
To determine if hypoxia, via HIF-2a, reduces AHR mRNA expression, HMVEC-L were transfected with control or HIF-2a siRNA, for 48 h and exposed to 1% oxygen for the final 18 h. Hypoxia significantly reduced AHR mRNA expression by 30% in the presence of control siRNA, but this reduction was completely abrogated in cells transfected with HIF-2a siRNA (Fig. 8a) . To determine if hypoxia could further reduce AHR mRNA expression in the presence of AHR siRNA, and whether this reduction was mediated by HIF-2a, HMVEC-L were transfected with AHR siRNA or the combination of AHR and HIF-2a siRNA for 48 h and exposed to 1% oxygen for the final 18 h. The combination of hypoxia and AHR siRNA Fig. 6 Effect of simultaneous exposure to AHR siRNA and hypoxia on constitutive CYP1A1 mRNA expression. CYP1A1 mRNA expression was analyzed by real PCR following exposure of HMVEC-L to 25 nM control or AHR siRNA for 48 h, and exposed to 2.5% or 1% oxygen for the final 18 h. The data represent the mean ± SEM of three experiments and were analyzed by two-way ANOVA, using post hoc Holm-Sidak comparsons. Two-way ANOVA of CYP1A1 mRNA expression demonstrated significant differences based on oxygen (p \ 0.001), AHR siRNA (p \ 0.001), and an oxygen-AHR siRNA interaction (p \ 0.001); * p \ 0.05 compared to control siRNA at 21% O 2 ;
# p \ 0.05 compared to both AHR siRNA at 21% O 2 , and control siRNA at the comparable level of hypoxia reduced AHR mRNA to a greater degree than AHR siRNA alone, and this reduction was effectively prevented by HIF2a siRNA (Fig. 8b) . Taken together, these data suggest that hypoxia regulates AHR mRNA expression via a HIF2a-dependent pathway.
Discussion
Considerable research has been conducted to elucidate the mechanism(s), by which xenobiotic ligands of the AHR, such as TCDD, mediate toxicity. While these studies have revealed a number of key pathways that are disrupted by sustained AHR activation, such as inhibition of cell cycle progression and promotion of differentiation, the specific changes leading to toxicity remain unclear. As noted by a number of investigators, understanding how xenobiotic ligands of the AHR cause toxicity may be more clearly illuminated by understanding the physiological role of the AHR in the absence of exogenous ligands [18, 27] . Furthermore, since AHR and HIFs are members of the same transcription factor family, share common signaling proteins, and can exhibit crosstalk in the presence of AHR xenobiotic ligands, investigating the interaction of hypoxia and AHR signaling in the absence of these ligands represents one approach to study the physiological role of the AHR.
One obvious tissue to investigate the interaction of hypoxia and AHR in the absence of exogenous ligands is the lung. The lung exhibits some of highest levels of AHRdependent constitutive CYP1A1 mRNA expression of any tissue [18] , is the source from which a high affinity endogenous AHR ligand has been isolated [21] , and is highly responsive to changes in inspired oxygen. Thus, we used human primary pulmonary microvasculature endothelial cells to probe the crosstalk between hypoxia and AHR in the regulation of constitutive CYP1A1 mRNA expression.
AHR is Required for the Constitutive Expression of CYP1A1 mRNA in Pulmonary Microvascular Endothelial Cells
We found that AHR deficiency reduces basal expression of CYP1A1 mRNA. While it has been established that the AHR is required for the induction of CYP1A1 by exogenous ligands, only a few studies have investigated the requirement for AHR in constitutive CYP1A1 expression, and this is likely because basal CYP1A1 expression is very low in most tissues [18] . Nonetheless, our results, which demonstrate that the AHR is required for CYP1A1 mRNA constitutive expression in pulmonary microvascular endothelial cells, are consistent with reports that AHR is required for basal CYP1A1 expression in MCF-7 cells [28] , a neuroblastoma cell line [29] , and the heart, liver, lung, and kidney [18] . Further, this result supports the idea that an endogenous AHR ligand may be present in the lung. Organic extracts of the lung from Ahr null mice can stimulate a 4-fold increase in AHR transcriptional activity, suggesting that an AHR ligand accumulates in the lung in the absence of constitutive CYP1A1 expression [18] .
Hypoxia Suppresses CYP1A1 mRNA Expression in Pulmonary Microvascular Endothelial Cells
We also found that hypoxia reduces basal expression of CYP1A1 mRNA. While it has been established that hypoxia inhibits AHR-dependent CYP1A1 induction by exogenous ligands, the effects of hypoxia alone on basal CYP1A1 expression have been reported in only a limited number of studies. Hypoxia reduces CYP1A1 mRNA expression in hepatocytes [30] , but induces it in MCF-7 cells [20] , and in the enterocytic Caco-2 cell line [31] . In vivo, exposure to acute moderate hypoxia reduces CYP1A1 expression. Rabbits exposed to 10% O 2 for 24 h exhibit reduced expression of hepatic CYP1A1 activity, protein, and mRNA [19, 32] . Thus, our results demonstrating that hypoxia reduces constitutive expression of CYP1A1 mRNA in pulmonary endothelial cells are consistent with in vitro and in vivo studies showing hypoxia down regulates CYP1A1 expression in the liver, suggesting that a common mechanism may regulate CYP1A1 mRNA in the liver and lung.
It is noteworthy that hyperoxia induces CYP1A1 in pulmonary endothelial cells in vivo [26] . Further, studies have shown that this induction is required to protect the lung from hyperoxia-induced injury and the AHR is required for hyperoxia-mediated induction [33, 34] . Treatment of wildtype mice with a CYP inhibitor or exposure of Ahr null mice to hyperoxia results in a significant exacerbation of the hyperoxic injury. Thus, these data, combined with our observations showing that hypoxia reduces CYP1A1 expression, suggest that AHR may play a role in regulating pulmonary responses to changes in oxygen by regulating CYP1A1 expression. It is not known if the Ahr or Cyp1a1 null mice have a pulmonary or respiratory phenotype, but given that hyperoxia and hypoxia both regulate pulmonary CYP1A1 expression, future studies of respiratory responses to oxygen in these mice may help to reveal the physiological role of AHR and CYP1A1 in the lung.
Hypoxia Mediates Induction of Gene Expression and Reduction in CYP1A1 mRNA Expression, in part, via HIF-2a
We found that hypoxia results in limited-to-no induction of the mRNA of the glycolytic enzyme, PGK1, and that HIF2a deficiency significantly attenuates hypoxia-induced expression of ADM. These results suggest that HIF-2a is a primary mediator of hypoxia-induced gene expression in human pulmonary microvascular endothelial cells. These data are consistent with the fact that HIF-2a is expressed more highly than HIF-1a in endothelial cells, and that hypoxic-induction of glycolytic enzymes, such as PGK1, is mediated by HIF-1a [22, 23] . Further, the importance of HIF-2a in pulmonary responses to hypoxia is demonstrated by HIF-2a heterozygote mice, which are completely protected from pulmonary hypertension and right ventricular hypertrophy following exposure to chronic hypoxia [35] . In contrast, HIF-1a heterozygote mice exhibit these pulmonary-related pathological responses to chronic hypoxia, although the rate of their development is delayed [36] .
In addition to mediating hypoxia-induced gene expression, HIF-2a also partially mediated the hypoxia-induced reduction of CYP1A1 mRNA expression. The specific mechanism that mediates this reduction is not known. Putative HREs are present in the CYP1A1 promoter, although it has not been determined whether they are functional [37] . Since HIF-2a deficiency did not fully restore expression of CYP1A1 mRNA following hypoxia, it would suggest that other factors are involved and future studies of the role of HIF-1a in this response are warranted. However, it has been shown that the mechanism, by which hypoxia inhibits AHR-stimulated increase in CYP1A1 expression in mouse fibroblasts does not require HIF-1a [38] , suggesting that other mediators are involved.
The Signaling Pathways Mediating Reduction of CYP1A1 mRNA Expression by Hypoxia and AHR Deficiency do not Appear to be Mutually Exclusive We found that the combined exposure of pulmonary microvascular endothelial cells to hypoxia and AHR siR-NA reduces CYP1A1 mRNA expression more than either treatment alone, although it results in a less than additive reduction. These data demonstrate that crosstalk between hypoxia and AHR deficiency exists and suggests that these two signaling pathways may regulate CYP1A1 mRNA expression partially through a common mechanism. One possible explanation may be that hypoxia reduces CYP1A1 mRNA expression, in part, by reducing AHR expression. Our data are consistent with this idea showing that hypoxia reduces AHR mRNA expression both in AHR sufficient and deficient cells and this reduction is mediated by HIF2a. However, more experiments are needed to determine whether the hypoxia-dependent reduction in AHR mRNA is reflected by a decrease in AHR protein, and whether artificially sustaining AHR expression would prevent the hypoxia-mediated reduction in CYP1A1 mRNA.
In conclusion, constitutive CYP1A1 mRNA expression in pulmonary microvascular endothelial cells is dependent on AHR and is reduced by hypoxia via a HIF-2a-dependent mechanism. Further, AHR and hypoxia exhibit crosstalk in their regulation of CYP1A1 mRNA expression in the absence of exogenous ligands, and part of this crosstalk may include regulation of AHR expression by hypoxia, although this needs further investigation. These results, taken together with other published studies, suggest that AHR may play a physiological role in the pulmonary responses to oxygen.
